Tree trunk annual increments are markedly reduced in mast years. There are two hypotheses that could explain the mechanism for this phenomenon: (1) a reduction in the duration of growth due to switching the resource allocation from somatic growth to seed production; (2) reduction of growth rate due to resources being shared between somatic growth and reproduction simultaneously. In this study, we aimed to test these hypotheses in Fagus crenata Blume from the point of view of resource allocation. The radial growth patterns in F. crenata during a year without reproduction (2014) and a masting year (2015) were monitored using a digital dendrometer. At the same time, shoot growth patterns were monitored by sampling branches from the top of the canopy. Data obtained using the digital dendrometer were fitted to a sigmoidal function, and the parameters of the function were evaluated with a hierarchal Bayesian approach; estimated parameters were used to represent the properties of trunk growth phenology. Trunk growth started synchronously just after leaf unfurling in both mass-fruiting (F 15 ) and limited-fruiting (NF 15 ) trees in 2014 and 2015. Reproduction reduced the growth rate in 2015. This was due to the resources being allocated for the development of cupules and for formation of relatively thick branches, both of which occurred simultaneously with trunk growth. There was no clear difference in the duration of radial growth between F 15 and NF 15 trees in the 2 years, although seed maturation started after trunk growth ceased. As a result, the annual trunk radius increment was reduced in the F 15 trees in 2015. These results suggested that reduction of radial growth rate (Hypothesis 2) caused the reduction in annual trunk increment of reproducing trees of this species.
Introduction
In plants, reproduction can occur at the cost of other functions such as somatic growth (Obeso 2002 , Thomas 2011 . In dioecious plants, male individuals exhibit a faster growth rate and lower mortality than females (Obeso 1997 , Maldonado-Lopez et al. 2014 . In tree species, the onset of reproduction reduces height growth (Sakai et al. 2003 , Seki et al. 2013 . Moreover, in masting species, which produce mass seed intermittently, reproduction-related growth suppression has been recorded dendrochronologically (Selas et al. 2002 , Monks and Kelly 2006 , Hoshino et al. 2008 , Drobyshev et al. 2010 , Genet et al. 2010 , Barringer et al. 2013 , although conclusive evidence for the suppression of diameter growth due to reproduction is not presented in some studies (Yasumura et al. 2006 , Knops et al. 2007 , Zywiec and Zielonka 2013 .
In most cases, the evidence for growth reduction due to reproduction in tree species has been in the form of a reduction in the annual ring width (annual radial increment). This is generally obtained as an integral of radial growth rate over the duration of radial growth. The question then arises about whether growth rate or duration of growth is the parameter affecting the reduction in annual ring growth during reproductive events.
Theoretically, plants that live in stable environments should grow vegetatively for a period of time, then switch completely to reproductive growth with no overlap of the vegetative and reproductive phases (Reekie 1997 , Thomas 2011 . Reduction of somatic growth with the onset of reproduction has been observed in several perennial and monocarpic plants (Keeley and Bond 1999, Thomas 2011) , although the timing of switching was affected by nutrient availability (Reekie 1997 ) and other environmental factors. This theoretical framework can be expanded to include the intra-annual reproductive events of perennial plants (Iwasa and Cohen 1989, Iwasa 2000) . Therefore, if reproductive trees allocate all their resources to somatic growth in the specific period of such growth, it is predicted that the rate of radial trunk growth during this period would not be different between reproductive trees and non-reproductive ones; however, a reduction in the duration of radial growth because resources are transferred to reproduction would be observed.
Some anatomical studies have shown that the variability in annual ring width can be mainly attributed to the rate of xylem cell production (Rathgeber et al. 2011 , Cuny et al. 2012 . Xylem cell production is also affected by the status of nonstructural carbohydrates around the trunk cambium. In Abies sachaliensis, continuous cell division in the cambium and differentiation both depended on the amount of starch around the cambium (Oribe et al. 2001 (Oribe et al. , 2003 . In Populus, the maximum xylem formation rate was observed when there was the highest non-structural carbon content in the cambial zone (Deslauriers et al. 2009 ). Therefore, the decrease in carbon allocation to trunk radial growth owing to reproduction could result in a reduction in the rate of xylem cell production and hence in the radial growth rate.
The phenology of trunk radial growth should be related to shoot phenology (Urban et al. 2014) . Both trunk radius and shoot growth depend on carbon assimilated in leaves, although the principal source of carbon is generally thought to be stored carbohydrate at the beginning of the growing season in deciduous trees Lelarge 2003, Dietze et al. 2014) . Hence, trunk growth should compete with shoot growth, and temporal variations in shoot and trunk radial growth should reflect the variations in photosynthetic activity in the leaves. Moreover, the main role of tree trunks is to conduct water and nutrients. It is predicted that, in diffuse-porous species, trunk growth should coincide with bud burst (cf. Suzuki et al. 1996 , Urban et al. 2014 , and growth should be synchronized with shoot development. Therefore, if shoot phenology or resource allocation to shoot growth are changed as a result of reproduction, it can be expected that the phenology of trunk radial growth would be changed synchronously.
Fagus crenata Blume, a major masting tree species in Japan, exhibits suppressed tree ring width in reproduction years (Hoshino et al. 2008) , although this relationship may only be apparent in heavy masting years (Yasumura et al. 2006) . In reproductive years, the trees flower before the leaves unfurl, and seed maturation begins in late summer (Hashizume and Fukutomi 1978) . Because trunk radial growth has ceased by late summer (Awaya et al. 2009) , it is likely that resource allocation will switch from the growth of vegetative parts to reproduction in this species. Furthermore, it has been found that allocation of current-year photosynthates to current-year branches is enhanced in reproducing trees compared with those not reproducing during a masting year (Han et al. 2016) , hence trunk radial growth phenology may also be affected by reproduction events.
In this study, we aimed to test two hypotheses related to the decline in the trunk radial increment of reproductive trees of F. crenata: (1) there is reduced growth duration due to switching of the resource allocation from somatic growth to seed maturation; and (2) there is reduced growth rate due to simultaneous resource allocation to somatic growth and reproduction. In this study, we aimed to evaluate the effect of masting on the trunk radial growth of F. crenata from the point of view of resource allocation. We monitored trunk radial increment in F. crenata using a digital dendrometer during the growing seasons in 2014 (a non-masting year) and 2015 (a masting year), and intra-annual growth patterns were compared between trees that mass fruited in 2015 and those that exhibited limited fruiting in the same year. Additionally, the shoot growth pattern in the reference year (leaves, branches and reproductive organs in the masting year) was also monitored, and we evaluated the relationship between trunk radial growth phenology and the shoot growth pattern in both mass-fruiting and limited-fruiting trees.
Materials and methods

Study site
The study area was located in the Naeba Mountains in central Japan (36°51′N, 138°46′E), in a region where the natural forest is dominated by F. crenata. The bedrock is predominantly andesite and basalt, on which a moderately water-retentive brown forest soil has formed. Permanent plots had been established at both sites in 1970 for long-term ecological monitoring within the framework of the International Biological Program (Kakubari 1977) , and one of the permanent plots located at 900 m above sea level was chosen for this study. The study plot was expanded to 40 m × 30 m in 2013, and a tree census in the study plot has been conducted once a year since 2013. The average diameter at breast height of the 89 F. crenata in the study plot in 2013 was 25.8 ± 8.8 cm (mean ± SD). The mean monthly temperature, cumulative monthly precipitation, and monthly sunshine duration in 2014 and 2015, as recorded at the nearest AMeDAS station, are shown in Table S1 available as Supplementary Data at Tree Physiology Online.
Leaf phenology and reproduction intensity
To assess the reproduction intensity of individual trees in the study plot, the canopies of whole F. crenata trees in the plot were monitored visually. On 20 April 2014 and 23 April 2015, flower intensity was checked using binoculars by surveyors standing on the forest floor. Two people conducted each survey, and flower intensity was categorized, in 5% increments, as percentage of branches in the whole canopy area that had flowers. Fruit intensity was also checked in a similar way on 20 October 2015. In 2014, there were no reproductive F. crenata trees in the study plot. In 2015, at least one flowering branch was observed on every dominant tree in the study plot (n = 67). We divided the dominant trees into two groups; the first group had fruit-bearing branches accounting for more than 50% of the whole canopy area (F 15 ), and the second group had fruit-bearing branches accounting for less than 50% (NF 15 ).
In 2015, leaf unfurling was monitored using five garden cams (TLC200, brinno, Taipei, Taiwan), which took a photograph of the canopy at 4 hourly intervals from 23 April until 20 May. All the photographs were checked by eye on a PC, and the timing of leaf unfurling was determined.
Radial growth monitoring
The intra-annual radial growth of F. crenata trunks was monitored using automatic wire dendrometers (DC2, Ecomatic, München, Germany) with a data logger (HOBO micro station, Onset, Bourne, MA, USA). On 2 April 2014, when the forest floor was covered with snow (~1.5 m in depth) and leaf unfurling had not yet begun, the dendrometers were installed at breast height on 17 dominant trees in the study plot. Thereafter, fluctuations in trunk radius were logged at 10 min intervals, based on an average of measurements taken every 2 min, until October 20 when leaf senescence had already begun. The dendrometer and datalogger could not be left in situ during winter because of the very heavy snow in this area (snow depth is usually over 3 m). Hence, they were removed at the end of the growing season in 2014, then re-installed on 23 April 2015 before leaf unfurling in that year, and monitoring of the trunk radius continued until 23 October. Because of the sample size adjustment between F 15 and NF 15 trees, four of the 17 trees were re-selected in 2015.
To minimize the effect of circadian fluctuation of trunk diameter due to trunk hydration on the evaluation of trunk growth, we used the data logged at noon every day.
Evaluation of intra-annual radial growth
For each tree, the cumulative radial growth based on the dendrometer measurements was fitted to a growth function using a hierarchal Bayesian model. In this study, two nonrectangular hyperbolic equations were used to create the growing function (Figure 1 ), because more flexibility and asymmetry were needed than provided by ordinal sigmoid equations (e.g., the Gompertz function in Rossi et al. (2003) , Michelot et al. (2012) where f (x) is cumulative trunk diameter (μm); x is the day of the year; a is the slope of the tangent at the point (c, b); b is cumulative trunk diameter (μm) at x = c; c is the day when the model switches between the two functions, hence the point (c, b) is an inflexion point; m is the first radial increment from the lower asymptote to b (μm); n is the second radial increment from b to the upper asymptote (μm); and p and q are the curvature of the first and second functions, respectively (0 < p, q < 1). The parameters of these functions are easy to understand ecologically: parameter a represents the intra-annual growth rate of the trunk radius; the sum of m and n represents the annual increment of the trunk radius. We also calculated the date of growth onset (x o ) as the date when f (x) reached 10% of the size increment during the first period (0.9m, Figure 1 ), and that of growth cessation (x c ) as the date when f (x) reached 90% of the size increment during the second period (0.9n, Figure 1 ). Thus, 90% of the total annual increment of trunk radius occurred between growth onset and growth cessation (total annual increment of trunk radius = m + n). Each parameter in f (x) and the effect of measurement year (E y ), the effect of seeding in 2015 (E r ), and the interaction between E y and E r (E y×r ) on parameters a, b, m, n, x o and x c were estimated using a hierarchal Bayesian model in JAGS 4.1 (Plummer 2015) with the rjags package (Plummer 2016) on R 3.2 (described in the Supplementary text, and with estimated parameters for individual trees presented in Table S2 available as Supplementary Data at Tree Physiology Online).
Tissue sampling
In 2014, 18 dominant trees were selected and branch samples were collected. Of the 18 trees, 13 trees were also used for trunk radial growth monitoring in 2014 and/or 2015. Sampling Tree Physiology Volume 37, 2017 started on 2 April 2014, before swelling of the winter buds, and continued at~1 month intervals until leaf fall (mid-November). Sampling at a similar temporal scale was repeated for 17 trees in 2015, a year in which 11 of the selected trees were categorized as F 15 and six as NF 15 . During each sampling campaign, two shoots, representing the previous 3 years of growth, were taken from the upper parts of each tree crown using a ladder installed along the main trunk to the base of the crown, and with the aid of a 6 m telescopic pruner. All samples were put into a cool box immediately and transported to the laboratory under cool conditions within a day. In the laboratory, each shoot was separated into leaf, current-year branch, 1-to 3-year-old branches, cupule, nut and bud. Numbers of leaves, fruits and buds per current-year shoot were counted and branch lengths were measured. During September sampling in each year, leaf images for each current-year shoot were also captured using a scanner (GT-X 770, Epson, Suwa, Japan), and leaf areas were estimated using imaging software (ImageJ 1.50, NIH, Bethesda, MD, USA). All samples were stored at −80°C until lyophilization. Lyophilized samples were weighed.
Statistical analyses
For the dendrometer data, the median and 95% Bayesian credible interval (CI) for each parameter was evaluated based on its posterior samples. We focused on two main effects-monitoring year (2014 or 2015, E y ) and trees categorized by fruiting intensity in 2015 (F 15 or NF 15 , E r )-and their interaction (E y×r ) on each of the dependent variables. In the study, E y indicated interannual extrinsic effects, such as inter-annual variation in the air temperature and precipitation; E r indicated the basic difference in intrinsic properties (genetic or ontogenic) or the basic difference in extrinsic effects such as micro-environments between F 15 and NF 15 trees; and E y×r indicated the true effect of seeding in 2015. If the estimated E r , E y and E y×r did not include zero in their 95% CI, we concluded that they were statistically significant effects.
The size and the number of leaves, length of current year branches and length of 1-year-old branches were compared between sampling years (2014 and 2015) and reproduction categories (NF 15 and F 15 ) using GLMM (GLIMMIX procedure in SAS/STAT 9.4, SAS Institute, Cary, NC, USA). Intra-annual fluctuation patterns for leaf and branch weight were also analysed using GLMM, and in these analyses, the effect of reproduction category and sampling month, as categorical variables, were evaluated in each year. Because of the repeated sampling from the same trees, the effect of individual tree was assumed to be a random effect. In the analysis of branch weight in each age class, the branch length was added as a covariate. Because the size parameters (dry weight, branch length and leaf area) were larger than 0, their error distribution was assumed to be log-normal distribution. In the analysis of number of leaves, a Poisson distribution was assumed. In each analysis, determinant values were evaluated by AIC-based model selection (the results of GLMM are represented in Table S3 available as Supplementary Data at Tree Physiology Online).
Results
Reproduction intensity and the phenology of leaf unfurling
In 2015, 43 of the 67 dominant trees in the study plot were categorized as F 15 (mass-fruiting trees, mean ± SD of seeding percentage: 86.5 ± 15.7%) and the remaining 24 trees were NF 15 (limited-fruiting trees, seeding percentage: 14.0 ± 14.7%). In this year, leaf unfurling occurred from 27 April to 3 May, and there was no significant difference between F 15 and NF 15 trees (unbalanced t-test for Julian date of leaf unfurling, P > 0.05).
Intra-annual radial growth estimated from the dendrometer records
The estimates based on Bayesian hierarchal modelling for trunk radial growth of F. crenata revealed similar patterns for the F 15 and NF 15 trees in 2014 (Figure 2a ). In both F 15 and NF 15 trees, radial growth started in mid-May in 2014 and ceased by the end of July (Figure 2c ). In 2015, the shape of the radial growth curve differed between the F 15 and NF 15 trees (Figure 2b) . Nonetheless, the phenological patterns of radial growth were similar to those in 2014, except that the inflexion date for the F 15 trees was earlier in 2015 than in 2014 and in both 2014 and 2015 for the NF 15 trees (Figure 2d) (Figure 3b ). There were no statistically significant differences in duration between F 15 and NF 15 in either 2014 or 2015 (no significant E y and E y×r in Table 1 ).
In 2014, the annual increments of trunk radii the trunk annual increments were 1.08 (0.81-1.43) mm year in NF 15 trees and 1.11 (0.82-1.81) mm year −1 in F 15 trees. In 2015, the annual increment of the trunk radius was larger in NF 15 than F 15 (significant E y×r in Table 1 ).
Phenology of reproductive tissue
In 2015, both male and female flowers bloomed by the first sampling date (23 April) before leaf-unfurling. Almost all male
Tree Physiology Online at http://www.treephys.oxfordjournals.org flowers had fallen by the second sampling date (20 May), and cupules had started to develop at that time (Figure 4 ). Cupule dry weight increased rapidly until the end of June, and then their growth ceased after that time. Seeds were separated from cupules from the June sampling campaign onwards, but their growth started after the end of July (Figure 4 ). Seed maturation was completed by mid-September, and mature seeds were dispersed by the last sampling date (21 October), hence there were only three trees from which reproductive tissues could be sampled.
Shoot growth phenology
In the non-reproductive year (2014), the dry weight of a single leaf was not different between NF 15 and F 15 ( Figure 5a , Table 2 ). In the masting year (2015), the dry weight of a single leaf was smaller in F 15 than in NF 15 trees throughout the growing season ( Figure 5b , Table 2 ). The area of a single leaf was also smaller in F 15 trees than in NF 15 , but the number of leaves per single current-year branch was not different between them (Table 2 ). No differences in leaf sizes (dry weight and area) between F 15 trees and NF 15 were found in 2014 ( Figure 5a , Table 2 ). Least square means (LS means) of the dry weights of currentyear and 1-year-old branches, i.e., the dry weight of the currentyear and 1-year-old branches adjusted for their length, increased until the end of July, then stabilized in both years (Figure 6a and b) . Tree Physiology Volume 37, 2017
Least square means of dry weight in 1-year-old branches also slightly increased from April until the end of July. In 2015, LS means of current-year branch weight were larger in F 15 than NF 15 trees after growth cessation ( Figure 6b , Table 2 ); in 1-year-old branches this value was larger in F 15 than NF 15 trees throughout the growing season ( Figure 6d , Table 2 ).
Discussion
This study demonstrated that, in F. crenata, the reduction in trunk radial increment associated with the masting event was due to the reduction in the growth rate of trunk radius (Hypothesis 2) rather than a shorter duration of growth (Hypothesis 1). The finding that the size of the annual radial increment depended on the growth rate corresponds to previous studies showing that the annual trunk radius increment depends on the speed of cell production or the tracheid formation rate (Wodzicki 2001 , Rathgeber et al. 2011 , Cuny et al. 2012 ). These studies demonstrated the intra-annual pattern of cambium and xylem cell activity anatomically. Although there has been a distinct difference between methods employed, some tree species have exhibited a different growth pattern between dendrometer measurements and microscopic observation of wood tissues during the late growing season (Kuroda and Kiyono 1997, Deslauriers et al. 2007) ; however, growth patterns in F. sylvatica have been found to be quite similar when determined by these two methods (Michelot et al. 2012 , Urban et al. 2014 . Therefore, it is likely that the reduction in trunk radial growth rate demonstrated in this study represents a reduction in xylem cell production speed in F. crenata. Furthermore, Deslauriers et al. (2009) showed that that the growth rate of Populus cambial cells was related to the concentration of carbohydrates around those cells. In F. crenata, decreasing resource allocation to trunk radial growth due to reproduction would result in a decreased growth rate. All trunk growth parameters except growth duration were larger in 2015 than in 2014, as shown by the positive distribution of E y in Table 1 , indicating influences of inter-annual extrinsic factors. There are several studies showing that annual radial growth is affected by extrinsic factors, such as precipitation (Downes et al. 1999 , Michelot et al. 2012 , van der Maaten et al. 2012 , temperature (Makinen et al. 2003 , Carlos Linares et al. 2009 , Rossi et al. 2013 ) and competition status within a stand (social status; Rathgeber et al. (2011) ). Furthermore, these parameters were reduced in reproductive individuals in 2015 (negative distribution of E y×r ). In contrast, the distributions of E r did not deviate from 0. This result suggests that F 15 and NF 15 trees were not genetically or micro-environmentally different from each other with respect to annual radial increment. Our study was able to demonstrate that reproduction was also reflected in the intra-annual trunk radius growth pattern without the effects of genetic or micro-environmental factors.
Theoretical studies predict that temporal switching of resource allocation from somatic structures to reproductive structures within a growing season is more adaptive than simultaneous resource allocation to both somatic and reproductive structures (Iwasa and Cohen 1989, Iwasa 2000) . Therefore, we predicted that temporal switching of resource allocation would reduce the duration of radial growth in reproductive trees (Hypothesis 1). In Tree Physiology Online at http://www.treephys.oxfordjournals.org fact, consistent with previous studies (Hashizume and Fukutomi 1978, Han et al. 2016) , seed maturation in F. crenata started late in the summer (Figure 4) . At that time, radial growth had almost ceased. Although it is likely that these results support the theoretical prediction, almost all trunk radius growth ceased not only in mass-fruiting trees but also in limited-fruiting trees by the late summer (Figure 2 ). It is suggested that switching of resource allocation from somatic growth to actual reproductive tissues (seeds) did not shorten the seasonal duration of trunk radius growth. In this study, Hypothesis 2, which proposed a reduction in the radial increment growth rate due to resource competition between simultaneous reproductive and somatic growth, could better explain the decline in annual trunk increment than Hypothesis 1. This is mainly due to the reproductive phenology of this species. Fagus crenata flowers in early spring, just before leaf unfurling, and maintains the reproductive organs throughout the growing season. Unlike seed maturation, development of the cupules started just after flowering, and their development overlapped with trunk radial growth. Additionally, cupule mass was larger than seed mass (Figure 4) , hence a notable amount of resources is needed for cupule development. In some tree species, photosynthesis by green fruits can contribute to their own development (Birkhold et al. 1992, Aschan and Pfanz 2003, Figure 6 . Changes over time of least square means (LS means) of dry weights in 0-and 1-year branches of F. crenata (mean ± SE), in which the effect of branch length has been adjusted as a covariate. The mean length of the branch in each category is shown in Table 2 . Each symbol represents F 15 (white circles) and NF 15 (black triangles). Hoch and Keel 2006) . However, in F. sylvatica, fruit photosynthesis contributes little to the fruit development (Hoch 2005, Hoch and Keel 2006) . Similarly, in F. crenata, cupule development competes for resources with trunk and branch growth. Moreover, mechanical strength of the branch was needed in seeding trees to support fruit mass (Upadhyaya et al. 1987 , Kervella et al. 1994 . Thicker (i.e., heavier after the length variation was adjusted for, Figure 6 ) branches were observed in mass-fruiting trees than in limited-fruiting trees in this study. The demand for strong branches can also be regarded as an indirect cost of reproduction that competes for resources with trunk growth.
In this study, individual leaves were smaller (weight and area) in mass-fruiting trees than in limited-fruiting trees in the masting year, although the numbers of leaves did not differ. A reduction in single leaf size at the time of reproduction was also observed in the 2011 masting event at the same site (Han et al. 2016 ). This result suggests that total leaf area of the canopy in massfruiting trees of F. crenata was smaller than in limited-fruiting trees. In F. crenata, nitrogen concentration in the leaves of reproducing trees is not different from that in non-reproductive trees (Han et al. 2014) . Hence, the reduction of the total leaf area in the canopy would result in decreasing of photosynthesis at the whole-plant level. This may also help to explain the reduction in trunk radius growth rate, and thus the decrease in annual increment in seeding trees.
The reduction of total leaf area in the canopy might restrict the trunk growth from the point of view of water transportation. The main function of the trunk is conductive, and total vessel area exhibits a strong relationship with total leaf area (Shinozaki et al. 1964) . The reduction in the total leaf area due to reproduction may cause shrinkage of vessel area, and hence, decreasing of the annual ring width. However, reproduction is an alternative function for water demand (see Pearse et al. 2016) , hence the reduction in water demands due to shrinkage of canopy leaf area could be overestimated. Moreover, if reduction in water demand results in decreasing trunk radial growth, branch diameter would also decrease, which was not shown by our results (see Figure 6) . Therefore, the possibility that reduction of annual ring width is associated with limitations to water transport as a result of reduced leaf area needs careful future investigation.
In conclusion, reduction of trunk radius annual increment in F. crenata during the masting event was caused by a reduction in the growth rate. Because development of cupules and formation of relatively thick branches were synchronized with the trunk radial growth in reproductive trees, we suggest that resource competition resulted in the reduction of radial growth rate. Nonetheless, reduction in the annual increment in trunk radius is not always observed during masting events (Yasumura et al. 2006) . Therefore, further studies to examine a series of reproduction events over several years are required to elucidate more fully the effects of reproduction on trunk radial growth.
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